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A plasmid library of 18 late expression factor (LEF) genes (LEF library) from the baculovirus Autographa
californica nuclear polyhedrosis virus (AcMNPV) supports transient expression from a late viral promoter in
the SF-21 cell line, derived from Spodoptera frugiperda. We found, however, that this LEF library was unable
to support expression from the same promoter in the TN-368 cell line, derived from Trichoplusia ni, which is
also permissive for AcMNPV replication. To identify the additional factor(s) required for expression in TN-368
cells, we cotransfected the LEF library with clones representing portions of the AcMNPV genome not repre-
sented in the LEF library. A single additional gene was identified; this gene corresponded to ORF70 of the
complete AcMNPV sequence and potentially encodes a 34-kDa cysteine-rich polypeptide. Because of its
differential effect on late gene expression in the two cell lines, we renamed ORF70 hcf-1 (for host cell-specific
factor 1). hcf-1 was involved in expression from reporter plasmids under late and very late but not early
promoter control, indicating that it was also a LEF gene. Plasmid DNA replication assays indicated that HCF-1
was involved in virus origin-specific DNA replication in TN-368 cells. Three LEF genes, ie-2, lef-7, and p35,
required for optimal virus origin-specific plasmid DNA replication or stability in SF-21 cells had little or no
influence in TN-368 cells. Thus, as determined by transient-expression assays, cell line-specific and potentially
host-specific factors are required for origin-specific DNA replication or stability.

The genome of Autographa californica nuclear polyhedrosis
virus (AcMNPV) consists of a double-stranded circular DNA
molecule of 133,894 bp which can potentially encode up to 154
genes (1). AcMNPV gene expression is coordinately regulated
and appears to be primarily controlled at the level of transcrip-
tion (for reviews, see references 3 and 45). Baculovirus early
genes are apparently transcribed by host RNA polymerase II
(15, 25, 26) and include gene products that are transcriptional
regulators (5, 6, 19, 28, 33, 65) and factors thought to function
in viral DNA replication (32, 44, 62). Studies with inhibitors of
DNA synthesis (56) and with a temperature-sensitive AcM-
NPV mutant defective in DNA synthesis (13, 16) demonstrate
that expression of late and very late baculovirus genes is de-
pendent on viral DNA replication. The switch from early to
late gene expression is coincident with the appearance of an
alpha-amanitin-resistant RNA polymerase activity (14, 18, 26,
64).
Eighteen genes which contribute to the expression of a re-

porter gene under late viral promoter control in transient-
expression assays have been identified (31, 34, 41, 47–51, 60,
61) and have been termed late expression factor genes (LEFs).
These 18 LEFs together represent all the viral genes necessary
to support substantial expression from a late viral promoter in
transient-expression assays in SF-21 cells (35, 60). A subset of
these LEFs, ie-1, ie-2, lef-1, lef-2, lef-3, lef-7, p143, dnapol, and
p35, are required for virus origin-specific plasmid DNA repli-
cation (27, 35), indicating the dependence of late gene expres-
sion on DNA replication even in a transient-expression assay
system. The roles of the remaining LEFs are currently un-
known, but they appear to function in late gene expression at
the level of transcription (35). The products of lef-8 and lef-9

contain conserved RNA polymerase motifs (34, 51), suggesting
that at least some of these LEFs may be components of a novel
RNA polymerase activity induced late in infection.
The roles of the some of the replication-related LEFs are

clearer. The gene products of ie-1 and ie-2 are transcriptional
regulators (5, 6, 21, 28, 33, 41, 42, 47, 55, 65) and presumably
are required for the expression of all of the other LEFs. The
presence of a single-stranded DNA-binding motif within IE-1
(27) and its ability to bind to homologous repeat regions (19)
suggest the possibility of an additional, direct role for IE-1 in
DNA replication. DNAPOL and P143 contain amino acid mo-
tifs which are conserved among DNA polymerases and DNA
helicases, respectively (32, 62), while LEF-7 has homology with
the herpesvirus UL29 family of single-stranded DNA-binding
proteins (35). Interestingly, DNAPOL has an auxiliary role in
virus origin-specific plasmid DNA replication, suggesting that
a cellular DNA polymerase can substitute for it, at least in
transient-replication assays (35). P35 is required to inhibit ap-
optosis during AcMNPV infection of Spodoptera frugiperda
cells (7, 9, 23) and also has antiapoptotic activity in a number
of diverse organisms (22, 53, 57). The role of p35 in the plasmid
replication assay is probably to maintain plasmid DNA stability
by blocking apoptosis.
Two of these genes, p143 and p35, have also been shown to

be host range determinants. Recombinants of AcMNPV which
are able to productively infect Bombyx mori cells have been
isolated following recombination of AcMNPV with a small
fragment of the B. mori MNPV p143 gene (11, 37). How this
region confers replicative competency on AcMNPV in B. mori
cells is unknown. Virus replication is significantly reduced in S.
frugiperda cells and larvae but not in Trichoplusia ni cells and
larvae infected with AcMNPV mutants defective in p35 (7, 8,
23), indicating that p35 is a host range determinant.
AcMNPV is able to enter a number of nonpermissive insect

cells and express a reporter gene (4, 39, 40), but expression is
dependent on the promoter class. Expression from early viral
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or cellular promoters transcribed by host RNA polymerase II
is relatively high, but expression from late and very late pro-
moters is low compared with that in permissive cells (39). It
was proposed that the block to productive AcMNPV infection
in refractive cell lines is limited by factors which influence viral
DNA replication and/or late gene expression (40).
Identification of the genes that allow AcMNPV to success-

fully replicate in different cell lines will provide insight into the
nature of the molecular mechanisms which govern host range
and contribute to the assessment of recombinant baculovirus
safety to nontarget organisms. In an effort to understand what
viral factors influence viral DNA replication and late gene
expression in AcMNPV-infected cells, we have used a transient
assay system in which the ability of the LEF library to support
expression from a reporter plasmid under late promoter con-
trol was examined in the TN-368 cell line, derived from T. ni.
Unlike in SF-21 cells, very little reporter gene activity was
observed with the LEF library, indicating that an additional
factor(s) was required for optimal reporter gene expression.
This factor was identified as ORF70 (1). Transient-replication
assays demonstrated that ORF70 was involved in reporter plas-
mid DNA replication or stability. We also found that three
factors required for maximal expression in SF-21 cells had little
or no influence on late gene expression or origin-specific DNA
replication in TN-368 cells.

MATERIALS AND METHODS

Cells. S. frugiperda IPBL-SF-21 (SF-21) cells (63) and T. ni TN-368 cells (24)
were cultured at 278C in TC-100 medium (GIBCO BRL, Gaithersburg, Md.)
supplemented with 10% fetal bovine serum and 0.26% tryptose broth (45).
Reporter plasmids and plasmid constructs. The reporter plasmids pET-

CAThr5, pCAPCAT, and phcwt have been described previously (47, 54, 59).
These constructs contain the chloramphenicol acetyltransferase gene (cat) under
the control of the early etl gene, the late vp39 capsid gene, and the very late
polyhedrin (polh) gene promoters, respectively. These reporter plasmids also
contain hr5 sequences.
The plasmids in the LEF library, which have been previously described, are

pBCNE (lef-1) (48), p630 (lef-2), pIE1/HC (ie-1), and pPstN (ie-2) (47);
pSDEM2 (lef-3) (31); p86D5B (lef-4) and pORF6 (lef-5) (49); pUCp143 (p143)
(35); pAcIAP-Ps/NsiI (lef-6) (50); pBSXBglII (lef-7) (41); pRI-M (lef-8) (51);
pPstHISB2.35 (lef-9), pPstHIME0.5 (lef-10), and pDNAp (dnapol) (34); and
pH3R (lef-11), pNspAfI (39K), p47 (p47), and pRS (p35) (60). Plasmids pXma17,
containing the region of AcMNPV from map units (m.u.) 39.48 to 49.94, and its
subclones pXA-7, pXABB4.5, pXK2.1, pXBS2.1, pXAEBS, and pXABgE have
been described (38).
Plasmid pXASstII1.5 was constructed by cloning a 1.5-kb SstII fragment from

pXABgE into the SstII site of pBluescript KS1 (Stratagene, La Jolla, Calif.).
During this cloning, it was discovered that the original subclone of pXma17,
pXA-7, previously thought to contain a BglII-SmaI fragment (43.96 to 49.94
m.u.), had sustained a 1.2-kb deletion at the BglII site during cloning. Thus, all
previously reported subclones (38) derived from pXA-7 and including the BglII
site at 43.96 m.u. actually begin at 44.68 m.u. (see Fig. 2A); this difference does
not affect the conclusions of that study. Another subclone, pXABgE3.6, contain-
ing the entire region from 43.96 to 46.63 m.u., was constructed by digesting
pXma17 with BglII and EcoRV and inserting a 3.6-kb fragment into the BamHI
and EcoRV sites in pBluescript KS1. pXAMlu1.4, containing ORF70 and por-
tions of ORF69 and ORF71, was constructed by digesting pXABgE3.6 withMluI
and blunt-ending the products with the large fragment of DNA polymerase I
(Klenow). A 1.4-kb fragment was gel isolated and cloned into the SmaI site of
pBluescript KS1. pXAMlu1.4fs was constructed by digesting pXAMlu1.4 with
SstI, blunt-ending it with T4 DNA polymerase, and religating it. The resulting
plasmid, pXAMlu1.4fs, contains a frameshift mutation at the SstI site at 45.15
m.u. that results in the premature termination of ORF70 synthesis after 112
amino acid residues. Sequence analysis was used to confirm that a frameshift
mutation was generated at the SstI site. Plasmid pXAIAP2 was constructed by
cloning a 1.9-kb SstI-EcoRV fragment from pXABgE3.6 into the corresponding
sites in pBluescript KS1. This plasmid contains ORF71 (a homolog of iap) (1),
ORF72, and ORF73, as well as portions of ORF70 and ORF74.
The clones of the overlapping AcMNPV library used in these experiments

have been described previously (47).
Transfections and transient-expression assays. SF-21 (2.0 3 106 cells per

plate) or TN-368 (1.8 3 106 cells per plate) cells were transfected with 2 mg of
a reporter plasmid and 1 mg of each LEF plasmid by using Lipofectin reagent
(GIBCO BRL). In experiments involving the AcMNPV clone library, approxi-

mately 0.5 mg of each clone was used. Cell lysates were prepared at 24, 48, or 72
h post-transfection for transfections involving pETCAThr5, pCAPCAT, and
phcwt, respectively. For purposes of quantitation, CAT assays (17) were per-
formed with 1/100 of the cell lysates. Quantitations of CAT assays were done
directly on the thin-layer chromatography plates with a PhosphorImager 4000
(Molecular Dynamics, Sunnyvale, Calif.).
DNA replication assays. Transfections of TN-368 cells were performed as

detailed above except that pCAPCAT was used as the reporter plasmid in all
transfections. Total intracellular DNA was isolated from cells at 96 h posttrans-
fection. The procedures for DNA isolation and DpnI analysis were performed as
previously described (35). Briefly, the presence or absence of pCAPCAT plasmid
replication was identified by digesting 1/10 of the DNA with BglII (40 U) and
DpnI (40 U) followed by agarose gel electrophoresis and transfer of the DNA
onto a Zeta Probe nylon membrane (Bio-Rad, Richmond, Calif.). DpnI-resistant
fragments corresponding to linearized pCAPCAT plasmid (7.2 kb) that had
replicated were visualized by hybridization of the blot with radiolabeled pCAP-
CAT DNA. The relative levels of pCAPCAT DNA replication were quantitated
with the Molecular Dynamics PhosphorImager 4000.

RESULTS

Additional gene located between 44.6 and 50.3 m.u. is in-
volved in late gene expression in TN-368 cells. A LEF library
consisting of 18 plasmids is sufficient to support late gene
expression to levels comparable to that observed for the com-
plete overlapping AcMNPV clone library in SF-21 cells (60).
Removal of any individual LEF plasmid from this library sub-
stantially reduces late gene expression 10- to 100-fold (35). In
order to determine whether these 18 LEFs were also sufficient
to support pCAPCAT expression in a different cell line per-
missive for AcMNPV infection, the LEF library was tested in
TN-368 cells. Similar levels of CAT were observed in SF-21
and TN-368 cells transfected with the entire overlapping Ac-
MNPV clone library (Fig. 1B, compare lanes 2 and 5); how-
ever, whereas CAT levels were comparable between the clone
library and the LEF library in SF-21 cells (Fig. 1B, compare
lanes 2 and 3), the levels of CAT were reduced about 20-fold
in TN-368 cells in the presence of the LEF library relative to
the levels with the AcMNPV clone library (Fig. 1B, compare
lanes 5 and 6). This result suggested that the AcMNPV clone
library supplied one or more genes, in addition to the 18 LEF
genes, that were necessary for expression of pCAPCAT in
TN-368 cells.
To identify regions of AcMNPV containing these genes,

individual clones from the AcMNPV clone library were co-
transfected with the LEF library to determine their effects on
pCAPCAT expression in TN-368 cells (Fig. 1B, lanes 7 to 18).
Two clones, PstH5 and HC9, which overlap in the region
between 44.6 and 50.3 m.u., stimulated CAT levels to a level
similar to that observed with the complete AcMNPV clone
library (Fig. 1B, compare lanes 14 and 15 with lane 5). No
significant increase in CAT activity was observed in the pres-
ence of any of the other clones (Fig. 1B, lanes 7 to 13 and 16
to 18). Thus, the region between 44.6 and 50.3 m.u. (see Fig.
1A) supplied an additional factor which was involved in TN-
368 cell-specific pCAPCAT expression in the presence of the
LEF library.
ORF70 is involved in late gene expression in TN-368 cells.

In order to identify the gene(s) responsible for this activity,
clones spanning the region overlapped by PstH5 and HC9 were
tested in transient-expression assays (Fig. 2A). When a clone
representing the 39.48 to 49.94 m.u. region, pXma17, was
added to the LEF library, CAT activity was restored to lev-
els comparable to those with the complete AcMNPV clone
library as well as those with the LEF library supplemented with
HC9 (Fig. 2B, compare lane 5 with lanes 2 and 4). A clone
containing the 44.68 to 49.94 m.u. region, pXA-7, was also able
to restore CAT activity (Fig. 2B, compare lane 6 with lanes 2
to 4). The region of pXA-7 responsible for this activity was
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defined by using two subclones of pXA-7, pXABB4.5 and
pXBS2.1. Addition of pXABB4.5 to the LEF library resulted
in nearly 80-fold greater CAT activity than with the LEF li-
brary alone (Fig. 2B, compare lanes 3 and 7), while no effect on
CAT expression was observed with pXBS2.1 (Fig. 2B, lane 8).
A subclone of pXABB4.5, pXABgE, containing the 44.68 to
46.63 m.u. region, was able to substitute for pXABB4.5 (Fig.
2B, lane 9), whereas two other subclones from this region,
pXK2.1 and pXAEBS, had no stimulatory effect on CAT levels
(Fig. 2B, lanes 10 and 11, respectively).
The region between 44.68 and 46.63 m.u. contains four com-

plete open reading frames (ORFs) identified by Ayres et al. (1)
(see Fig. 2A). The functions of these ORFs during virus infec-
tion are currently unknown, although ORF71 has been found
to possess significant homology to a family of genes functioning

as inhibitors of apoptosis (IAPs) (2, 12). Another IAP homolog
was identified previously in AcMNPV but apparently is non-
functional with respect to its ability to block actinomycin D-
induced apoptosis in SF-21 cells (9). Addition of a subclone of
this region (pXAIAP2) containing ORFs 71, 72, and 73 to the
LEF library failed to restore CAT levels to that observed with
the entire AcMNPV clone library (Fig. 2B, lane 14), indicating
that these three ORFs were not involved in TN-368 cell-spe-
cific pCAPCAT expression. In contrast, CAT activity was re-
stored to AcMNPV library levels when either of two clones,
pXASstII1.5 or pXAMlu1.4, both containing ORF70, were
added to the LEF library (Fig. 2B, lanes 12 and 13, respective-
ly). Addition of a clone containing a frameshift mutation at the
SstI site within the ORF70 gene negated its stimulatory effect
on pCAPCAT expression (Fig. 2B, lane 15), confirming that

FIG. 1. Late gene expression in TN-368 cells is rescued by the 44.6 to 50.3 m.u. region of AcMNPV. (A) Linear representation of the EcoRI restriction map of
AcMNPV, with the approximate locations of known LEF genes (shaded arrows, not to scale) shown relative to the overlapping AcMNPV clone library. Although the
exact locations of the ends of most of these AcMNPV clones are not known, the ends shown represent the furthest limits of each clone. (B) The reporter plasmid
pCAPCAT was transfected alone (lanes 1 and 4) or in combination with the AcMNPV clone library (lanes 2 and 5) or the LEF library (lanes 3 and 6) into SF-21 and
TN-368 cells, respectively. CAT expression from TN-368 cells cotransfected with pCAPCAT and the LEF library with the indicated clones of the AcMNPV clone library
is also shown (lanes 7 to 18). CAT activity relative to that observed with the complete AcMNPV clone library in SF-21 cells (lane 2) is shown below each lane. Twofold
differences are not considered significant. The positions of acetylated (Ac-Cm) and unacetylated (Cm) forms of chloramphenicol are indicated on the right. The results
shown are representative of two independent experiments.
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FIG. 2. ORF70 is involved in late gene expression in TN-368 but not SF-21 cells. (A) Physical map of the 39.48 to 49.94 m.u. region, showing a partial restriction
map of the region along with the locations and direction of known genes. Plasmid clones used to map ORF70 (renamed hcf-1) as the gene required for late gene
expression in TN-368 cells are indicated below. Also shown is an expanded restriction map of the 43.96 to 46.63 m.u. region, indicating the locations and orientations
of ORFs as well as additional subclones used in the transient-expression assays. ORF designations and map units are according to Ayres et al. (1). Restriction enzyme
sites: Bg, BglII; Bs, BstEII; EV, EcoRV; M, MluI; S, SmaI; SI, SstI; SII, SstII. (B) pCAPCAT was transfected into TN-368 cells alone (lane 1) or in combination with
the AcMNPV clone library (lane 2), the LEF library (lane 3), or the LEF library with the indicated plasmid subclones from the 39.48 to 49.94 m.u. region (lanes 4 to
15). CAT expression from SF-21 cells transfected with pCAPCAT and the LEF library in the absence or presence of hcf-1 is also shown (lanes 16 and 17). CAT activity
relative to that from pCAPCAT cotransfected with the AcMNPV clone library (lane 2) is shown below each lane. Twofold differences were not considered significant.
The positions of acetylated (Ac-Cm) and unacetylated (Cm) chloramphenicol are indicated on the right. The results shown are representative of three independent
experiments.
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the ORF70 gene product was involved in the expression of
pCAPCAT in TN-368 cells. No difference in CAT levels was
observed when the LEF library was cotransfected with ORF70
in SF-21 cells (Fig. 2B, compare lanes 16 and 17), supporting
the fact that ORF70 was required in TN-368 but not in SF-21
cells. We have renamed ORF70 hcf-1, for host cell-specific
factor 1, because of its involvement in late gene expression in
TN-368 but not SF-21 cells.
hcf-1 is involved in late and very late but not early gene

expression. Since hcf-1 apparently was involved in the expres-
sion of pCAPCAT in combination with the LEF library it was
of interest to determine whether hcf-1 had an effect on early
and very late gene expression. To test this, hcf-1 was cotrans-
fected with the LEF library along with reporter plasmids con-
taining the CAT gene under early (pETCAThr5) or very late
(phcwt) promoter control (Fig. 3). Expression of pETCAThr5
was unaffected by replacement of hcf-1 by its frameshifted
version (Fig. 3, compare lanes 1 and 2). In contrast, substitu-
tion of the frameshifted hcf-1 resulted in dramatic decreases in
CAT expression from both pCAPCAT and phcwt (Fig. 3, com-
pare lanes 3 and 4 and lanes 5 and 6, respectively), indicating
the involvement of a functional hcf-1 gene product in late and
very late gene expression. Thus, hcf-1 can also be considered a
LEF gene required for optimal late and very late gene expres-
sion in TN-368 cells. The approximately 20-fold difference in
CAT expression levels observed between pCAPCAT and ph-
cwt in the presence of the complete LEF library (including
hcf-1) (Fig. 3, compare lanes 3 and 5) suggests that additional
very late gene expression factors may be required for optimal
expression from the polh promoter in TN-368 cells; a similar
difference is also observed in SF-21 cells.
ie-2, lef-7, and p35 are not required for late gene expression

in TN-368 cells. Since there was a differential involvement of
hcf-1 in late and very late gene expression between TN-368 and
SF-21 cells, we tested whether there was also a differential
involvement of the other LEFs in late gene expression between
the two cell lines. This was done by determining the effect of
omitting one LEF at a time from the LEF library, including
hcf-1, on pCAPCAT expression (Fig. 4). In the presence of the
complete LEF library and hcf-1, the levels of CAT expression

in both cell lines were comparable (compare lanes 2 in Fig. 4A
and B). Removal of each LEF individually from the library
resulted in a 20- to 70-fold reduction in CAT activity in SF-21
cells (Fig. 4A, compare lane 2 and lanes 3 to 15 and 17 to 21).
As expected, removal of hcf-1 from the library had no effect on
pCAPCAT expression (Fig. 4A, lane 16) in SF-21 cells. In
comparison, removal of three of the LEFs, ie-2, lef-7, and p35,
had very little effect on CAT levels in TN-368 cells (Fig. 4B,
compare lane 2 with lanes 4, 20, and 21), indicating that these
LEFs were differentially required for late gene expression be-
tween the two cell lines. Omission of each of the other LEFs
from the library (except hcf-1) reduced CAT levels at least 10-
to 50-fold in TN-368 cells (Fig. 4B, compare lane 3 with lanes
5 to 19).
hcf-1 is involved in reporter plasmid DNA replication or

stability. The role that hcf-1 played in late gene expression in
TN-368 cells was further defined by determining whether hcf-1
was involved in the replication of the reporter plasmid pCAP-
CAT. The dependence of pCAPCAT expression on replication
of the reporter plasmid was previously demonstrated in a tran-
sient-replication assay in which 9 of the 18 LEFs were shown to
be directly or indirectly involved in plasmid DNA replication in
SF-21 cells (35). A similar assay based on the resistance of
replicated plasmid DNA to cleavage by DpnI was used to test
the involvement of hcf-1 and the nine replication-related LEFs
in pCAPCAT DNA replication or stability in TN-368 cells
(Fig. 5).
TN-368 cells were cotransfected with pCAPCAT and the

nine replication-related LEFs, ie-1, ie-2, lef-1, lef-2, lef-3,
dnapol, p143, lef-7, and p35 (known as the LEF replication
library). The reporter plasmid pCAPCAT contains hr5, a cis-
acting sequence which serves as an AcMNPV-activated origin
of DNA replication in transient plasmid replication assays (30,
35, 52). Total intracellular DNA was isolated at 96 h posttrans-
fection and digested with BglII to linearize the plasmid DNA
(7.2 kb) and with DpnI to distinguish between input and rep-
licated plasmid DNAs. When pCAPCAT was cotransfected
with the LEF replication library, no plasmid DNA replication
was observed (Fig. 5, lane 1); however, addition of hcf-1 to the
LEF replication library stimulated pCAPCAT plasmid DNA
replication about 70-fold (Fig. 5, compare lanes 1 and 2),
indicating that HCF-1 affected the level of plasmid DNA rep-
lication or stability. Omission of ie-1, lef-1, lef-2, lef-3, and p143
from the LEF replication library dramatically reduced levels of
pCAPCAT replication, approximately 20- to 70-fold (Fig. 5,
compare lane 2 with lanes 3, 5 to 7, and 9), while omission of
ie-2, dnapol, lef-7, and p35 resulted in differences of less than
2.5-fold (Fig. 5, lanes 4, 8, 10, and 11, respectively). Thus, it
appears that while ie-1, lef-1, lef-2, lef-3, p143, and hcf-1 are
necessary for plasmid DNA replication or stability in TN-368
cells, ie-2, dnapol, lef-7, and p35 have little or no effect on
plasmid DNA replication or stability in this transient-replica-
tion assay system. Omission of dnapol from the LEF replica-
tion library also had a minor effect on plasmid replication in
SF-21 cells (35), suggesting that a host DNA polymerase can
substitute for this function, at least in transient-replication
assays.

DISCUSSION

We have observed several differences in the requirement for
LEF genes in transient-expression assays between the SF-21
and TN-368 lepidopteran cell lines, both of which are fully
permissive for AcMNPV infection. Whereas ie-2, lef-7, and p35
were required for optimal late gene expression as part of a
library of 18 LEF genes in SF-21 cells, they did not contribute

FIG. 3. Effect of hcf-1 on early, late, and very late gene expression in TN-368
cells. The LEF library was cotransfected with reporter plasmids containing the
CAT gene under early (pETCAThr5), late (pCAPCAT), and very late (phcwt)
promoter control (lanes 1 and 2, 3 and 4, and 5 and 6, respectively) in the
presence of hcf-1 (1) or its frameshifted version (2). The CAT activities shown
below each lane are relative to those of each of the reporter plasmids cotrans-
fected with the LEF library and hcf-1. The results presented are representative
of three independent experiments.
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significantly to transient late gene expression in TN-368 cells.
Conversely, a novel baculovirus gene, hcf-1, was required for
optimal transient late gene expression in TN-368 cells but not
SF-21 cells. Previous studies have demonstrated a differential
requirement for p35 in virus replication in SF-21 but not TN-
368 cells (7, 8, 10, 23), and this requirement extends to the
organism level as well. There is also evidence of cell-specific
differences in the level of ie-2-mediated transactivation of the
ie-1 promoter (58). Whether the differential requirements for
ie-2, lef-7, and hcf-1 also extend to virus infections at the cel-
lular and organismal levels remains to be established.
Like ie-2, lef-7, and p35, the involvement of hcf-1 in transient

late expression was correlated with its contribution to reporter
plasmid DNA replication or stability. We are not certain
whether hcf-1 contributed to the expression of the ‘‘replicative
LEFs’’ (e.g., lef-1 and dnapol) or contributed directly to re-

porter DNA replication or stability. The former possibility
seems less likely, since hcf-1 did not strongly affect expression
from the early etl promoter (Fig. 3), nor did it significantly
influence expression from the lef-3 and lef-7 promoters (36).
hcf-1 did not functionally substitute for either lef-7 or ie-2 in
SF-21 cells, and therefore, hcf-1 possesses functions distinct
from those of these two LEFs. No extensive homologies to
other genes within the nucleic acid or protein databases were
found for hcf-1, which is predicted to encode a very cysteine-
rich (10%) polypeptide with several motifs suggestive of metal
ion binding. Like p35, hcf-1 may contribute to plasmid DNA
stability rather than DNA replication per se. However, hcf-1
does not appear to function to block apoptosis because (i)
neither p35, a gene which functions to block apoptosis in a very
broad range of species, nor the antiapoptotic IAPs functionally
substitute for hcf-1 (36) and (ii) we have been unable to detect

FIG. 4. Differences in LEF requirements between the SF-21 and TN-368 cell lines. The reporter plasmid pCAPCAT was transfected into SF-21 (A) or TN-368 (B)
cells either alone (lane 1) or in combination with hcf-1 and the LEF library with one LEF omitted at a time (lanes 3 to 21). The LEF omitted from each transfection
is indicated above each lane. CAT activities relative to that in cells cotransfected with pCAPCAT and hcf-1 and the LEF library are indicated below each lane. The
results presented are representative of two independent experiments.
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apoptosis in TN-368 cells transfected with the LEF library
lacking hcf-1. Thus, a more precise role for hcf-1 remains to be
determined.
The fact that five ‘‘replication-associated’’ LEFs (ie-2, lef-7,

p35, hcf-1, and p143) have been implicated in baculovirus host
range determination through these studies and others (8, 11,
23, 37) suggests that the ability of baculoviruses to activate and
maintain viral DNA replication may be more critical in viral
host range determination than the nature of the late transcrip-
tional apparatus, which is probably specified to a large extent
by the products of the ‘‘transcription-specific’’ LEFs. However,
additional restrictions to productive infections may also occur
after the initiation of viral DNA replication (21a, 40).
It will be important to determine whether the differential

contribution of ie-2, lef-7, and hcf-1 observed in transient-
expression assays extends to the context of a viral infection. We
have generated an hcf-1 knockout mutant which replicates
normally in SF-21 cells but is severely compromised in its
ability to replicate in TN-368 cells. We are currently studying

the properties of this mutant in vivo and in cell culture to
better understand the role of HCF-1 during virus infection at
both the cellular and organismal levels.
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